Aim. To investigate 24-epibrassinolide influence on the maize seedlings 
Introduction. Lipoxygenases (EC 1.13.11.12, LOX) are the enzymes that catalyze oxidation of polyunsaturated fatty acids (PUFA) with the 1,4-cis, cis-pentadien system, thus causing] the formation of hydroperoxides of trans-, cis-conjugated dienes [1] . Further enzyme-induced transformations lead to the formation of oxidized derivatives of PUFA, including physiologically active substances -signal compounds, such as jasmonic acid, bactericides and fungicides [2, 3] . It has been shown that in vivo stress factors induce activation and change the LOX gene transcript levels [4] [5] [6] [7] . Expression of genes of enzymes of LOX-way of PUFA conversion is also modulated by signal molecules (jasmonic, salicylic and abscisic acids) [5, [8] [9] [10] [11] [12] . Participation of LOX-signal system in the response of plant cells, induced by brassinosteroids (BRs), was demonstrated in [13] . However, direct influence of BRs on the activity of LOX-way of PUFA metabolism has not been studied yet. Nevertheless, there are some reports indicating that both BRs and jasmonic acid stimulate an expression of stress-dependent genes (OPR3, LOX2) [14] [15] [16] . So, the connection between the BRs action and the lipoxygenase metabolite level can be suggested.
The present study is aimed to investigate an influence of 24-epibrassinolide on the modulation of maize 9-and 13-LOX activity during the development of plant cell response to the action of cold stress.
Materials and methods. The following chemicals and materials were used: linoleic acid, arachidonic acid, non-ionic detergent Lubrol PX, anionic detergent ("Fluka", Switzerland); ethylenediaminetetraacetic acid (EDTA) ("Reanal", Hungary). All other reactants were of chemical or extra purity. 24-epibrassinolide was synthesized in the Laboratory of Steroid Chemistry of Institute of Bioorganic Chemistry of NAS of Belarus. The biological object was 5-day-growing maize seedlings (Goverla hybrid).
Maize seeds were germinated during 5 days in a thermostat (25 o C) in the dark with supplementation of 0.01 or 1 ìM of 24-epibrassinolide or in the absence of this chemical. Some of 5-day seedlings were stayed during 24 h at 5 o C for inducing cold stress, others were placed for the same period at 25 o C (control seedlings). After this the mesocotyls were isolated with a scalpel.
LOX was extracted from mesocotyl tissue [17] with further homogenization in five volumes of 0.1 M sodium acetate buffer (pH 4.5) containing 0.1% Brij-99, 0.1 mM EDTA and 2 mM sodium metabisulfite. After 30-min extraction with stirring, homogenates were centrifugated (45 min, 5000 rpm) in PC-6 centrifuge (Russian Federation). All procedures were performed at 4 o C. The obtained supernatant was used for LOX activity determination. Protein concentration was measured by Bredford method [18] .
The reaction mixture for the 9-LOX activity determination in supernatants contained 0.1 M sodium phosphate buffer solution (pH 6.0), 0.02% Lubrol PX, 0.1 mM linoleic acid. The mixture for determination of 13-LOX activity contained 0.1 M sodium phosphate buffer solution (pH 7.0) and 0.02 mM linoleic acid [5, 17, 19] . The reaction was initiated by the adding of 1-2 mg of the enzyme to the mixture and then the enzyme activity was measured with spectrophotometer Specord M-40 ("Carl Zeiss, Jena", Germany) by monitoring the changes in optical density of the reaction mixture in time scale at l = 235 nm.
The results of LOX activity determination have been presented in optical units (l = 235 nm) that corresponds to maximum absorbance of conjugated diene chromophore in a molecule of linoleic acid hydroperoxide (the molar coefficient of extinction is equal to 23000 M -1 cm -1 [20] Results and discussion. Optimal conditions for the determination of the 9-and 13-LOX activities have been selected for series of experiments concerning 24-epibrassinolidine effect on the functioning of maize seedling LOX. 9-LOX catalyzes the formation of 9-hydroperoxide, and 13-LOX induces the formation of 13-hydroperoxides of PUFA [17] .
LOX activity was studied considering physical and chemical conditions in course of oxidation of linoleic acid since the latter is a substance practically water-insoluble at neutral and acid pH values. The enzyme activity of various LOX substantially depends on the aggregate state of reaction substrate, pH of reaction mixture, and the presence of natural or synthetic amphiphilic substances such as phospholipids and detergents [5, 17, [21] [22] [23] [24] [25] . Optimal pH values for action of different LOX can vary from 5.5 to 9.5. Such wide pH range conditions unavoidable changes in ionization degree of PUFA and orresponding alteration of their aggregate state from emulsion to true solution [26] . As we previously demonstrated there were two types of LOX. The first type oxidizes predominantly a water-soluble substrate (ionized PUFA in the concentrations significantly lower than critical micelle concentration (CMC)), the second one oxidizes an aggregated form of substrates that are parts of membranes or micelles compositions) [27] . A typical representative of the first class is the soybean 15-LOX (LO-1) that displays enzymatic activity at alkaline pH and oxidizes the ionized form of substrate in true solution. This enzyme is inhibited with such surface-active compounds as Tween-20, Brij 35, Lubrol PX, Triton X-100, aerosol OT, etc. The similar effect is determined by effective substrate absorbance from the aqueous into micelle phase, not due to the direct interaction between the enzyme and detergent. The example of the second class is 5-LOX from potato tubers, which catalyzes oxidation of non-soluble substrate in the micelle phase formed by Lubrol PX [21] [22] [23] [24] [25] and] exhibits maximum activity at pH 6.3.
To optimize the conditions of functioning of 9-LOX, isolated from maize mesocotyl, we studied dependence of Vst of linoleic acid oxidation on pH and substrate concentration in the presence of Lubrol PX. The optimal pH was determined to be 6.0] (data not shown), which is in accordance with the results by other authors [17] . Fig. 1 shows the dependence of 9-LOX activity in maize seedling mesocotyls of intact plants and those treated with 10 -6 M 24-epibrassilinolide on linolic acid concentration. Difference in Vst values in the range of linoleic acid concentration of 80-150 mM did not exceeded 5 %. Therefore, further experiments were carried out in the presence of linoleic acid in concentration of 100 mM that was considered to be saturating for the enzyme under given conditions. The reaction mixture, containing 0.1 M sodium phosphate buffer solution (pH 6.0), 0.02 % Lubrol PX and 100 mM linolic acid, was used in the following experiments to study the effects of 24-epibrassinolide and low temperature on 9-LOX activity.
Taking into account difference between 9-and 13-LOX of maize in their specifity [17] , Vst of arachidonic and linoleic acid oxidation were compared. Vst for arachidonic acid was shown to be only 1.53 ± 0.46 % of that for linoleic acid, which is an evidence to the absence of] 13-LOX activity. Maize 13-LOX is known to interact with arachidonic acid as a specific substrate, not only with linoleic acid [17] . The part of water-soluble form of arachidonic acid [at pH 6.0 in the Lubrol PX micelle-containing system is insignificant comparing with the membrane-associated fraction. For that reason, selection of conditions for the 13-LOX activity determination was performed in [the] detergent-free medium to avoid PUFA absorbance and, thus, its removal out of the reaction. The optimal conditions for the oxidation reaction were revealed to be: pH 7.0 (data not shown) and 20 µM concentration of linoleic acid in the reaction medium (see curve 2, Fig. 1 ). Comparative determination of Vst for arachidonic and linoleic acids oxidation under these conditions demonstrated that Vst of arachidonic acid oxidation is 100.8 ± 10.1 % of that for linoleic acid, which indicates the maize 13-LOX to be activated. Linoleic acid at [the] concentrations more than 20 µM considerably inhibits the rate of 13-LOX reaction (curve 2, Fig. 1 ). This is conditioned by the CMC value for linoleic acid at pH 7.0 exceeding 20 µM [19] , which results in the linoleic acid micelle formation and the substrate exclusion from the zone of interaction with the enzyme. The reaction mixture, containing 0.1 M sodium phosphate buffer solution (pH 7.0) and 20 µM linoleic acid, was used for further assessment of activities of 13-LOX, isolated from intact and 24-epibrassinolide-treated maize seedlings as well as from plantlets grown at normal or low temperatures.
The results of investigation of 24-epibrassinolide influence on activities of 9-and 13-LOX, isolated from maize seedling mesocotyls grown under normal conditions and at cold stress, are shown in Fig. 2 . Over M of 24-epibrassinolide was demonstrated under normal conditions for 13-LOX (Fig. 2, a) and 9-LOX (Fig. 2,  b) respectively. Cold stress in the presence of 24-epibrassinolide (10 -8 and 10 -6 M) enhances the activity of 9-LOX by 4 times, whereas the 13-LOX activity increases 10-fold at 10 -6 M and no change is observed at 10 -8 M24-epibrassinolide. A comparative analysis of the13-LOX activity at 25 and 5 o C has revealed a joint effect of cold stress and 24-epibrassinolide (10 -6 M) that appeared to be 3 times higher comparing with that at 25 o C. In contrast, cold stress causes less sufficient increase in the 9-LOX activity, by 1.4 times less than that at 25 o C). When 24-epibrassinolide action (10 -6 M) at 25 or 5 o C was compared, it was found that cold stress induced 8-fold elevation of the13-LOX activity, whereas there were no significant changes in the 9-LOX activity. More pronounced stimulated effect of 24-epibrassinolide on 13-LOX under cold stress points to the intensification of 13-LOX ways of PUFA transformation. Because 13-LOX is a key enzyme of jasmonic acid synthesis, cold stress is thought to increase its level under 24-epibrassinolide influence on the plant cell. 24-epibrassinolide stimulates 9-LOX as well, however, its action appeared to be identical at various temperatures. Our results indicate the involvement of lipoxygenase system in the plant cell response to 24-epibrassinolide influence, in particular, under cold stress condition.
It is known from previous studies that BRs participate not only in the processes of growth and development but also defend plants against various stress factors, i.e. high and low temperatures, drought, high salt concentration, and mechanic injuries [16, 28, 29] . LOX take part in the adaptation of plants to stress factors as well [4] [5] [6] [7] . The products of 9-and 13-LOX (9-and 13-hydroperoxydes of PUFAs) are involved in the enzymatic processes in plant cell[, which lead to the formation of a number of biologically active substances designated as oxylipins [3, 30] . One of the end products of lipoxygenase cascade is jasmonic acid and its derivatives (jasmonates) [2, 3, 30] . The jasmonates action provides the adaptation of plants to stresses either by direct influence on the activity of several enzymes or indirectly by induction of gene expression [9] [10] [11] [12] . The jasmonic acid biosynthesis] is initiated by oxidation of a-linoleic acid to 13-hydroperoxide of linoleic acid catalyzed by 13-LOX; 10, 11-reductase of 12-oxophitodienoate acid (OPR) being involved in the cascade of enzymatic reactions [15, 31] . BRs stimulate the expression of stress-dependent genes OPR3, LOX2 etc. that proves the BRs influence on jasmonic acid synthesis [14] [15] [16] .
24-epibrassinolide is known to increase the level of lipoxygenase oxidation products, while 4-bromophenacyl bromide, an inhibitor of A 2 phospholipase, decreases significantly the level of lipoxygenase metabolites [13] . The authors supposed 221 EFFECT OF 24-EPIBRASSINOLIDE ON LIPOXYGENASE ACTIVITY Fig. 2 . Influence of 24-epibrassinolide on activities of maize seedling lipoxygenases (a -13-LOX, b -9-LOX) under normal conditions (1) or cold stress (2), M ± m (n = 3-6). * -statistically significant changes, p < 0.05 (at the same temperature: 25 °C and 5 °C); ** -statistically significant changes, p < 0.05 ( at the same concentration of 24-epibrassinolide).
that the oxylipin cell response can occur due to the changes in enzymatic activity (probably resulting from phosphorilation/dephosphorilation of the enzymes or their convertion from proenzyme form), rather than to the alterations in the enzyme biosynthesis induced by 24-epibrassinolide-and 4-bromophenacyl bromide. On the other hand, an effect of lipoxygenase metabolism products, such as 9(Z)-12-hyrdoxy-9-dodecenoic acid (12-HDA) and methyljasmonate, on the plant protein phosphorilation has been established [32, 33] . Protein phosphorilation under 12-HDA action can indicate the existence of protein kinases directly activated by this acid, as well as to the initiation of assembly of cell signaling systems (adenylatecyclase-, Ca 2+ -, NADP-induced, and probably, "own" lipoxygenase systems). Noteworthy that cold stress induces more than 10-time elevation in phosphorilation level of a protein with molecular mass nearly 15 kDa that is accompanied with the increase in plant frost resistance. [34] .
In summary, according to the literature and our own data, 24-epibrassinolide-induced change in the 9-and 13-LOX activities evidences to the initiation of the entire complex of cell signal systems, in particular, the LOX-signal system. This can provide realization of the anti-stress program during plant adaptation against harmful environmental conditions. Our results, concerning the involvement of 9-and 13-LOX-ways of PUFA conversion to the forming of cell response on BRs action under cold stress, extend current knowledge on the mechanisms of BRs influence on plant cell at low temperatures.
Conclusions. Influence of 24-epibrassinolide on the activities of 9-and 13-LOX, isolated from maize seedling mesocotyl under normal conditions and cold stress has been investigated. It has been established that 24-epibrassinolide treatment in concentrations of 0.01 or 1.0 mM ns induces at normal conditions 3-or 6-fold increase in the mesocotyl 9-and 13-LOX activities, respectively. Cold stress in the presence of 24-epibrassinolide enhances the activity of 9-LOX by 4 times comparing with control, whereas 10-fold elevation of the 13-LOX activity has been observed as a result of treatment with 1mM 24-epibrassinolide. The increase of enzyme activity in response to 24- 
